ABSTRACT
INTRODUCTION
During the past two decades, high-precision U-Pb zircon age determinations have provided important constraints for tectonic models within the Grenville Province of North America. Of specifi c relevance to the present investigation is the extensive geochronological inventory developed within the allochthonous monocyclic belt (Rivers, 1997; Rivers and Corrigan, 2000) that comprises the Central Metasedimentary Belt, as well as the Morin and Adirondack highlands granulite terranes (Fig. 1) . It is generally agreed that the monocyclic belt evolved as a series of arc-related and accretionary events during the ca 1.35-1.22 Ga Elzevirian orogeny (Moore and Thompson, 1980) and the subsequent ca. 1210-1160 Ma Shawinigan orogeny. Corrigan (1995) originally defi ned the Shawinigan orogeny on the basis of the ca. 1180-1160 Ma deformation and metamorphism observed near Shawinigan, Quebec (Fig. 1 ). Similar ages have been obtained in the Morin terrane (Friedman and Martignole, 1995) . Subsequently, the work of Corriveau and van Breemen (2000) , Wodicka et al. (2004) , McLelland et al. (1996 McLelland et al. ( , 2004 , and Wasteneys et al. (1999) in the northern Central Metasedimentary Belt and Morin terranes, and in the Adirondacks, has refi ned and clarifi ed the timing of the Shawinigan event. Geochronology indicates that Shawinigan contractional events (ca. 1190 (ca. -1160 are overlapped by the earliest granitoid intrusions of the subsequent ca. 1160-1145 Ma anorthosite-mangerite-charnockite-granite (AMCG) suite.
In this paper, we seek to further clarify the nature, timing, and extent of the Shawinigan orogeny and associated AMCG magmatism by dating anatexis and metamorphism recorded by migmatites in both the southern Adirondack highlands and lowlands. Although limited by the number of samples studied and the number of sensitive high-resolution ion microprobe (SHRIMP) analyses of zircon, the results of this investigation place the anatexis within the 1180-1160 Ma events assigned to Shawinigan orogenesis and early AMCG magmatism and demonstrate that Shawinigan events affected the entire Adirondacks. Field relationships document that the Shawinigan orogeny was characterized by the development of assemblages of
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at least second sillimanite grade, strong deformation, and the formation of intense tectonic fabrics (McLelland et al., 1996) . These observations, together with previously cited evidence, demonstrate that the Shawinigan orogeny represents a major tectonic event in the evolution of the Grenville Province and may be regarded as the culminating Elzevirian event. Extrapolating from the Adirondacks, the vast ca. 1155 Ma AMCG magmatism of the eastern Grenville Province may be the consequence of delamination of overthickened lithosphere developed during the terminal phase of the Shawinigan orogeny. Subsequent analyses (B.M. Hill, 2005, personal commun.) have shown that the eastern Adirondacks experienced ca. 1050 Ma Ottawan anatexis as well as Shawinigan events.
GEOLOGIC SETTING
The Adirondack Mountains constitute a southern extension of the Grenville Province of Canada ( Fig. 1 ) and are topographically divided into the highlands (HL, Fig. 2 ), which are largely underlain by granulite facies orthogneisses and anorthosite massifs, and the lowlands (LL, Fig. 2 ), composed mostly of amphibolite facies metasedimentary rocks. The two subdivisions are separated by a major northeast-trending, northwest-dipping fault and terrane boundary, the Carthage-Colton mylonite zone (CCMZ, Fig. 2 ), which juxtaposes amphibolite-grade rocks of the lowlands against granulite facies rocks of the highlands. Kinematic indicators document late, low-angle normal faulting, as well as probable earlier thrust faulting along the zone (Wiener et al., 1984; Hall, 1984; Heyn, 1990; Selleck et al., 2005) . The Carthage-Colton mylonite zone disappears beneath the Paleozoic cover north of the Adirondacks, and there are no currently known extensions within the Canadian Grenville Province.
U-Pb zircon dating in the Adirondacks (cf. McLelland et al., 1996; Wasteneys et al., 1999; McLelland et al., 2004 , and references therein) has resulted in a broadly tripartite geologic history that conforms with the ca. 1.35-1.03 Ga Grenville orogenic cycle of Moore and Thompson (1980) . Principal events within this history are presented in Figure 3 , which should be consulted along with the following text.
The oldest rocks (1.3-1.35 Ga) are calcalkaline granitoids emplaced into composite arcs of the Elzevirian orogen. This early period culminated in the Shawinigan orogeny (ca 1.2-1.16 Ga; Corrigan, 1995; Rivers, 1997; Wasteneys et al., 1999) and subsequent ca. 1155 Ma AMCG magmatism. The Shawinigan orogeny began with an Andean-type arc, dated by a U-Pb SHRIMP age of 1207 ± 10 Ma (Wasteneys et al., 1999) obtained on samples of calc-alkaline Antwerp-Rossie granitoids in the Adirondack lowlands (Fig. 2) . This suite has been interpreted as a manifestation of westward-dipping subduction beneath the leading edge of Laurentia, which, at that time, was the Adirondack lowlands (McLelland et al., 1996; Peck et al., 2004) . This margin is interpreted to have arisen when the Central Metasedimentary Belt closed by collision with the Central Gneiss Belt at ca 1.22 Ga (McEachern and van Breemen, 1993) , and subduction stepped outward to the southeast (Fig. 3) . Subsequent Shawinigan events include (see Fig. 3 ): (1) collision of the Adirondack Highlands-Green Mountains block with Laurentia, just prior to the intrusion of large volumes of Hermon granite at ca. 1180 Ma (this paper); (2) syntectonic intrusion of the ca. 1172 Ma Hyde School granite and tonalite in the lowlands (McLelland et al., 1996) ; and (3) intrusion of the coeval ca. 1172 Ma Rockport granite in the Thousand Islands and adjacent Frontenac region (Wasteneys et al., 1999) . The crosscutting and undeformed Kingston dike swarm, dated at 1159 ± 2 Ma by L. Heaman (A. Davidson, 2005, personal commun.) , marks the termination of contractional Shawinigan events. In contrast to this Andean-type collisional model, Wodicka et al. (2004) and Corriveau and van Breemen (2000) regarded the Shawinigan event as a strongly partitioned, intraplate pulse within the interval 1190-1140 Ma, an interpretation due perhaps to the apparent absence of identifi ed ca. 1207 Ma calc-alkaline intrusions in the Mt. Laurier terrane. Shawinigan orogenesis was overlapped and followed by regional AMCG magmatism triggered, perhaps, by delamination of overthickened Shawinigan lithosphere (McLelland et al., 1996 .
The next event is recorded by emplacement of the ca. 1.09-1.03 Ga A-type Hawkeye granites across the region; followed by the onset of the collisional, Himalayan-type Ottawan orogeny (ca 1.09-1.03 Ga), which affected the entire Grenville Province (Fig. 3) . Fold-nappe formation, granulite facies metamorphism, and the intrusion of large volumes of ca 1.05 Ga Lyon 
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Mountain granite characterize the Ottawan orogeny in the highlands. Titanite cooling ages of ca. 1030 Ma or younger are common in the highlands, where temperatures of ~800 °C (P ~ 6-8 kbar) were reached by ca. 1070 Ma (McLelland et al., 2001; Spear and Markusen, 1997; Storm and Spear, 2005) . In contrast, titanite and monazite cooling ages in the lowlands are typically ca. 1140-1160 Ma (Mezger et al., 1991 (Mezger et al., , 1993 , indicating that temperatures did not rise above ~700 °C. Furthermore, there is evidence that the two terranes evolved separately until ca. 1200 Ma (Wasteneys et al., 1999; Johnson et al., 2004; Peck et al., 2004) . The distinctly different thermal histories of the lowlands and the highlands indicate that, at currently exposed crustal levels, the lowlands did not experience granulite-grade temperatures during the Ottawan orogeny, whereas the highlands did. Many authors (McLelland et al., 1996; Wasteneys et al., 1999; Johnson et al., 2004) have suggested that, late in the Ottawan orogeny, the lowlands were down-dropped to the northwest along the Carthage-Colton mylonite zone and thus represent a shallower crustal level than the high-grade highlands. This difference is refl ected not only in mineral cooling ages but also in the much higher-grade mineral assemblages in the highlands. Selleck et al. (2005) recently completed U-Pb zircon studies in the vicinity of the Carthage-Colton mylonite zone that suggest leucogranitic melts intruded after the cessation of regional penetrative deformation, thus postdating the main contractional phase of the Ottawan event (McLelland et al., 2001 ). However, Selleck et al. (2005) showed that within the Carthage-Colton mylonite zone, leucogranites intruded synchronously with the extensional deformation at ca. 1045 Ma that accompanied orogen collapse, perhaps triggered by delamination of overthickened orogenic lithosphere.
Nature and Distribution of Adirondack Migmatitic Metapelites
Migmatitic metapelites are common in both the Adirondack highlands and lowlands (Fig. 2) . In the lowlands, they occur within the Major paragneiss (Engel and Engel, 1953) , as well as the more broadly defi ned Popple Hill gneiss (Carl, 1988) 
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lowlands (Fig. 4) . Within the southern and eastern Adirondack highlands, compositionally similar rocks are widespread (Fig. 5) and are known as Peck Lake gneiss (McLelland and Husain, 1986) . In both areas, the migmatites consist of garnet-biotite-quartz-oligoclase ± sillimanite ± spinel melanosome interlayered with white, garnet-speckled, two feldspar and quartz leucosome. Both Engel and Engel (1953) and McLelland and Husain (1986) reported reintegrated whole-rock chemical analyses of leucosomes and melanosomes, indicating that the protolith of the migmatites was most likely a shale-graywacke, i.e., fl ysch, sequence. Although the depositional age of the metapelite protoliths remains uncertain, they are crosscut by the ca. 1207 Ma Antwerp Granitoid-Rossie diorite suite (Carl et al., 1990; McLelland, 1991; Wasteneys et al., 1999) and the 1182 ± 8 Ma Hermon granite (this paper; see following).
Locally, the leucosome consists of crosscutting, coarse granite or pegmatite, but it is more commonly represented by subparallel, disrupted layers of porcelaneous, fi ne-grained mylonite, which, together with the melanosome, form straight gneisses (Fig. 5) . Previous fi eld investigations (McLelland and Husain, 1986 ) of low-strain zones indicate that, prior to ductile deformation, the leucosomes formed anastamosing networks of granitic and pegmatitic veins and sheets that crosscut the restite. High strain later drew these veins into approximate parallelism with one another and with surrounding foliation (McLelland and Husain, 1986) . Deformation affecting the migmatites is inferred to have occurred in at least two phases of isoclinal folding, including the development of intense penetrative fabrics, during the Ottawan orogeny (1090-1020 Ma). Field observations in the lowlands and southeastern highlands show that complex refolded folds (e.g., Fig. 4 ) are common within the migmatitic metapelites and rotate all of the leucosomes; however, these observations, by themselves, do not provide absolute evidence regarding the age of anatexis. Such conclusions must come from geochronological studies, which are discussed in the following sections.
GEOCHRONOLOGY
In this study, zircons were analyzed with the SHRIMP-II at the Geological Survey of Canada in Ottawa because it was anticipated that zircons from these multiply deformed and metamorphosed rocks would contain multiple age components. Additionally, as described in detail next, we collected oriented samples from both leucosomes and melanosomes and prepared polished thin sections for in situ electron microprobe (EMP) analysis of monazite. Recent investigations by Williams et al. (1999) and Shaw et al. (2001) have shown that monazite, similar to zircon, exhibits zonal growth patterns and is capable of recording several metamorphic episodes. Because monazite commonly grows during fabric development in a rock, it is possible to constrain ages of particular episodes of fabric development.
We emphasize that this study is limited by the number of occurrences of migmatite studied (7) and the number of SHRIMP analyses we were able to obtain from zircons in each sample (114). However, interpreted conservatively, the results 
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indicate that anatexis occurred much earlier than the ca. 1050 Ma Ottawan orogeny.
SHRIMP Geochronology

Sample Preparation and Analytical Methods
One-hundred and fourteen (114) analyses were made on handpicked zircons separated from a sample of the leucosomes and melanosomes collected at seven outcrops chosen to provide maximum geographic coverage of migmatite occurrences throughout the southern highlands and lowlands (Fig. 2) . Zircons from leucosomes in all seven outcrops were analyzed; however, zircons from melanosomes were analyzed only from samples at localities 2, 3, and 6 (Fig. 2) . Images of representative zircons are shown in Figure 6A -B. Additionally, we report analysis of 12 zircons from the Hermon granite, which intrudes metapelites and other metasedimentary rocks in the Adirondack lowlands.
The SHRIMP analyses were done at the J.C. Roddick Ion Microprobe Laboratory at the Geological Survey of Canada (GSC) in Ottawa, following methods described by Stern (1997 U ratio 0.09059), in one of two 1" epoxy pucks used in this study. Both mounts were polished with diamond compound to reveal the zircon midpoints. The grains were then imaged with a scanningelectron microscope operated in both backscattered electron (BSE) and cathodoluminescence (CL) modes in order to identify compositional and growth zoning, cores and overgrowths, and fractures. Zircons on both mounts were analyzed using an ~12 nA oxygen primary beam focused into a roughly 17 × 23 µm elliptical spot. Each mount was analyzed during a separate analytical session and individually calibrated for U/Pb bias. Data were reduced with the PRAWN routines in use in the J.C. Roddick Ion Microprobe Laboratory at the Geological Survey of Canada in Ottawa, Ontario. Analytical data were corrected for common Pb by using measured 204 Pb counts. In the following presentation, the apparent ages of both inherited and interpreted anatectic zircons and their Th/U ratios are presented. The uncertainties of individual analyses are given at 1σ, and uncertainties of calculated weighted means of 207 Pb/ 206 Pb ages are given at 2σ (95% conf.). Analytical data are presented in GSA Data Repository Table DR1, 1 and ages are summarized in Table 1 . We have attempted to discriminate between magmatic (inherited or xenocrystic) grains and those formed under high-grade metamorphic (anatectic) conditions on the basis of Th/U ratios and growth patterns as seen in cathodoluminescence (CL) images ( Fig. 6A-B) , following the classifi cations of Vavra et al. (1999) , who recognized three morphological types of metamorphic or anatectic zircons from the Ivrea zone in the Southern Alps: (1) prismatic (prism-blocked), in upper amphibolite facies; (2) stubby (fi rtree zoned) in transitional facies; and (3) isometric (roundly zoned) in granulite facies.
RESULTS
Leucosomes and Melanosomes
Lowlands Locality 1 (Devil's Elbow; 44°26.679N, 75°11.490W): Five zircons were analyzed from a leucosome sample collected at Devil's Elbow (Fig. 2) . The data (Table DR1, No apparent xenocrysts were found in this sample. Because all of these grains display growth patterns classifi ed as "stubby" or "stubby-isometric" (Fig. 6A-B) , have Th/U ratios ranging from 0.036 to 0.064, and occur in a well-developed leucosome, we believe they were formed exclusively during anatectic melting during high-grade metamorphism.
Locality 2 (Trout Lake; 44°22.06N, 75°16.450W): Data from seven zircons from the leucosome at this locality (Fig. 2) Fig. 7B ). Overgrowths and some single grains in both leucosome and melanosome have growth morphology that can be described as stubby to prismatic (e.g., Fig. 6C-D Fig. 7C ) from a migmatite at locality 3 (Fig. 2) . Of these, seven were zircons from the leucosome, whereas fi fteen were from the melanosome. Five analyses that were from 6% to 20% discordant were rejected and not included in any age calculations. Excluding an obvious detrital core with a Th/U ratio of 0.46, four leucosome zircons yielded isotopic data with a weighted mean 207 Pb/ 206 Pb age of 1167 ± 21 Ma (Table DR1 [see footnote 1]; Fig. 7C ). These grains have growth morphologies that can be described as prismatic or stubby ( Fig. 6E-F Fig. 7C ), have growth morphology best described as prismatic or magmatic and Th/U ratios ranging from 0.07 to 1.02. Despite these features, we believe these grains were formed during the anatexis that formed the leucosome. The combined mean 207 Pb/ 206 Pb age of zircons of presumed anatectic origin from the leucosome and melanosome is 1180 ± 12 Ma.
Highlands
Locality 4 (Roadcut at north end of Conkling ville Dam, east end Sacandaga Reservoir; 43°19.179N, 73°55.435W): A total of 10 analyses was done on 10 zircons (Table DR1 [see footnote 1]; Fig. 7D ) from the leucosome at locality 4 (Fig. 2) . One zircon gave an age of 1348 Ma, has magmatic growth morphology, and is interpreted as a xenocryst. The remaining nine analyzed zircons, which have growth morphologies that can be described as "stubby" or "stubby-prismatic" (Fig. 6G-H (Table DR1 [see footnote 1]; Fig. 7D ). This age is distinctly younger than that determined at any other locality. It may represent heating at the end of the 1 GSA Data Repository item 2006175, Table DR1,  SHRIMP analytical data, and Table DR2 , data for electron microprobe analyses of monazites, is available on the Web at http://www.geosociety.org/pubs/ft2006.htm. Requests may also be sent to editing@geosociety.org. 
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emplacement of the AMCG suite, or it may represent a distinct younger event.
Locality 5 (Pumpkin Hollow, 3.7 miles south of Wells, east side of Route 30; 43°20.811N, 74°15.733W): Data from 16 analyses were collected for zircons (Table DR1 [see footnote 1]; Fig. 7E ) from the leucosome at this locality (Fig. 2) . One discordant data point was excluded from the age calculation. Two zircons gave 207 Pb/ 206 Pb ages of ca. 1340 Ma and are interpreted as xenocrysts (Fig. 6, part II, A- (Table DR1 [see footnote 1]; 7864-37.1) is on a grain that has magmatic growth patterns, Th/U = 0.117, and may also be a detrital xenocryst. The other (7864-8.2) is an apparent altered zone of a grain (Table DR1 [see footnote 1]; 7864-8.1), the core of which yielded an age of 1341 Ma. Most of the remaining 11 leucosome grains have growth morphologies that can be described as stubby (Fig. 6 , part II, C-D), prismatic, or isometric, and Th/U that range from 0.004 to 0.257. These grains, which we interpret as having formed during anatexis, yielded a calculated weighted mean (Fig. 2) , is the only highlands site from which zircons from both the melanosome and leucosome were analyzed. Four of the eleven melanosome zircons analyzed are distinct cores that have magmatic growth morphologies (Fig. 6 , part II, G-H), Th/U ratios that range from 0.683 to 0.389, and 207 Pb/ 206 Pb ages ranging from ca. 1378 Ma to ca. 1301 Ma. These zircons are considered to be inherited detrital igneous xenocrysts. The remaining seven analyzed melanosome grains are rims that have growth morphologies that can be described as stubby to prismatic (Fig. 6, part II, G-H Pb age of ca. 1371 ± 27 Ma and has Th/U = 0.518. One highly discordant analysis was excluded. The remaining 9 analyses are from individual grains, or rims overgrowing small cores that have stubby to prismatic growth morphology (Fig. 6 , part II, E-F), Th/U ratios ranging from 0.045 to 0.011, and yielded a weighted mean The exposure at this locality (Fig. 2) is a thick, steeply dipping sheet of leucogranite that is associated with minor melanosomal material. Samples from this site were initially collected for a pilot study in which zircons were analyzed by single-grain thermal ionization mass spectrometry (TIMS) methods. The resulting scattered data clearly indicated that the zircons would be complex. Subsequent SHRIMP analysis of 27 spots on 18 grains (Table DR1  [ Pb ages between 1195 and 1137 Ma, with a weighted mean average age of 1177 ± 8 Ma. These analyses are of both cores and rims, most of which display magmatic growth patterns. Eight analyses yielded Th/U > 0.15, whereas the other four had Th/U < 0.10. We interpret these ages as indicating zircon growth during magmatic crystallization at ca. 1177 Ma, i.e., during Shawinigan orogenesis. (3) Excluding an analysis of an altered core, 5 analyses, 4 from rims and 1 from a discrete grain, yielded 207 Pb/ 206 Pb ages between 1103 and 1017 Ma, with a weighted mean average age of 1040 ± 23 Ma. All analyzed materials have growth patterns described as "stubby" or "prismatic" except the single discrete grain that has a magmatic-appearing growth pattern. These analyses suggest zircon growth during the ca. 1050 Ma Ottawan orogeny.
Hermon Granite
Locality 9 (Large roadcut on west side of County Highway 19 where the road makes its closest approach to the southwest corner of Trout Lake at the site of the Trout Lake Marina; 44°21.345N, 75°18.623W; Fig. 2 ): The Hermon granite at locality 9 is a coarse-grained, porphyritic, intrusive body of granodioritic composition (Buddington, 1939) . It occurs in great volume throughout the Adirondack lowlands, where it intrudes metapelitic rocks and marbles, thus constraining their depositional age. Zircons from the Hermon granite display typical magmatic growth patterns. We analyzed 12 spots on 12 individual zircon grains (Table DR1 , see footnote 1) from our sample. They have Th/U ranging from 0.29 to 0.74, with the exception of one grain for which Th/U = 0.03. After discarding one analysis that was quite discordant, we obtained a weighted mean average age of 1182 ± 8 Ma ( Fig. 7H ; mean square of weighted deviates [MSWD] = 1.0; probability = 0.44).
Electron Microprobe (EMP) Geochronology of Monazite
Samples of a multiply deformed metapelite were collected in the southwestern Adirondack highlands at two sites ~100 m apart near Peck Lake (Fig. 2, locality 7 ; 43°06.509N, 74°27.151W) for EMP analysis of monazite. At each locality, the metapelite displays refolded folds (Fig. 8A) . The samples were collected by coring with a portable diamond drill such that the cores were parallel to the axis of the folds (Fig. 8B) . Thin sections were cut both parallel to the length of the core (termed "rectangular" sample) and normal to the core ("round" sample) with the intent that monazites in the "rectangular" sections would lie in the primary (S1) foliation and those in the "round" sections would lie in the axial-planar (S2) foliation. These relationships are shown in Figure 8B . 
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Analyses were performed using a Cameca SX50 electron microprobe, implementing PAP matrix corrections. Monazite was fi rst identifi ed in thin section by collecting Ce X-ray maps of each section via stage scanning, along with a Mg base map to provide a textural reference (Williams and Jercinovic, 2002 ). Representative monazite grains were then mapped individually at high magnifi cation for the distribution of Y, Th, Ca, and U. These detailed X-ray maps revealed compositional domains that guided subsequent analytical strategy. Once major-element analyses were obtained from each compositional domain in monazite, a 100 Å gold coat was applied via thermal evaporation (after removing the previously applied carbon coat). Background intensities were then obtained from each domain via wavelength scanning and regression (Williams et al., 2006) . The background intensities (for YLα, ThMα, PbMα, and UMβ) were entered into the Cameca trace analysis routine, along with appropriate major-element analyses. Trace analysis for Y, Th, Pb, and U were then done with a focused beam at 15kV and 200nA, and 600 s counting time for each element. Depending on its dimensions, data from two to fi fteen points were collected from each identifi ed domain in the mapped monazite grains; for most domains, data from at least fi ve points were collected. Intensities of PbMα were corrected for overlap of YLγ, and ThMζ 1 and ThMζ 2 , and UMβ was corrected for Th overlap (the contributions of ThMγ, ThM3-N4, and ThM5-P3) prior to age calculation (Williams et al., 2006) . Age calculation was done by iteration of the age equation, cast in terms of the Pb contributions from U and Th (Montel et al., 1996) . Because an individual analysis is not considered an age, a number of analyses was made in each domain, as described already, and the analytical error associated with the calculated age was calculated as the standard error of the mean for analyses within a domain. Table 2 gives a summary of the age results, whereas complete analytical data, including data for a consistency standard, are given in Table DR2 in the GSA Data Repository (see footnote 1).
Two hundred and seventy-four in situ analyses were made on seventeen individual monazite grains from four oriented thin sections. EMP elemental mapping procedures and age determinations revealed as many as three age domains for a single monazite grain (e.g., Figure 9F ). In Figure 10 , we have plotted all the monazite data as a cumulative probability diagram. This diagram, for which the uncertainties for the ages were entered at the 2σ level, shows welldefi ned peaks at 1183 ± 10 Ma (Shawinigan orogeny), 1160 ± 2 and 1142 ± 6 Ma (AMCG magmatism), and 1040 ± 13 Ma (Ottawan orogeny). Errors were estimated by measuring the age range at the halfway point of each peak. These are particularly well developed in monazite 6 in thin section 26a rectangular (Table 2; Figure 9F ). There are less well-defi ned peaks at 1091 ± 9 Ma, 1014 ± 2 Ma, and 998 ± 4 Ma. Because of the uncertainties of the technique, we attach less importance to these peaks, except to conclude that there is evidence for post-or waning Ottawan monazite growth sometime near 1000 Ma. Because almost all of the monazite grains with age domains older than 1100 Ma occur in sections cut parallel to the cores (i.e., the "rectangular" sections; Fig. 8A-B) , we conclude that the primary S-1 foliation was formed 
during Shawinigan or AMCG events, whereas secondary, axial planar (S-2) foliation was developed during later Ottawan folding.
DISCUSSION
Age and Provenance of Metapelites
The age and provenance of migmatitic metapelites in the southern Adirondack highlands and lowlands (Fig. 2) remain controversial, although it is known that, within the lowlands, they are crosscut by ca. 1207 Ma Antwerp-Rossie granitoid-diorite (Wasteneys et al., 1999) as well as by 1182 ± 8 Ma Hermon granite. The results of the SHRIMP zircon study carried out in this research show that the zircon populations of both metapelite melanosomes and leucosomes contain inherited zircons, either as cores or xenocrysts (e.g., Fig. 6 , part I, C-D, and part II, A-B and G-H) with ages ranging from ca. 1220 to 1350 Ma. The leucosome populations are dominated by mostly equant zircons with stubby to prismatic growth morphologies dated at ca. 1170 Ma (e.g., Fig. 7 ). These zircons are considered to have crystallized during widespread anatexis within the metapelites. The ca. 1220-1350 Ma zircons are interpreted as remnant detrital grains derived from source regions of the primary pelitic sedimentary accumulations. Thus, the primary pelitic sedimentary rocks were deposited later than ca. 1220 Ma (the age of the youngest detrital zircons) and prior to ca. 1207 Ma, the age of the Antwerp-Rossie intrusions. It seems likely that the source of the detrital zircons, and thus at least some of the pelitic sediment as well, is the suite of ca. 1300-1250 Ma tonalites known from the southern Adirondack highlands as well as the Elzevir terrane of Canada (Chiarenzelli and McLelland, 1991; Davidson, 1998; McLelland, 1991; Ratcliffe et al., 1991) . Although we did not date enough detrital zircons to have statistically robust signifi cance, it is striking that no Archean zircons were found in the metapelites investigated in this study, although Archean zircons were found in a suite of detrital zircons from the Irving Pond quartzite of the southern Adirondack highlands (McLelland et al., 2005a (McLelland et al., , 2005b and in the Swede Mountain quartzite of the eastern Adirondacks (Silver, 1968) . This suggests that the pelites may have accumulated in restricted basins that received sediment from the ca. 1300 Ma Elzevirian arc terranes but were largely isolated from the Archean rocks of the Superior craton. In contrast, the Irving Pond quartzite, the Swede Mountain quartzite, and likely other quartzites as well, evidently received long-traveled detritus from the Superior craton as well as more proximal source terranes.
Age and Origin of Primary Anatexis
The age of primary anatexis in the migmatitic metapelites of the Adirondacks has remained controversial, but SHRIMP analyses of zircons from leucosome and melanosome portions of migmatites have greatly clarifi ed this issue. Samples analyzed from localities 1-3 and 5-7 all contain abundant populations of equant grains and overgrowths with ca. 1170 ± 10 Ma ages, which is interpreted as the time of major partial melting corresponding to Shawinigan metamorphism (Rivers and Corrigan, 2000) . Importantly, however, leucosome ages that extend to ca. 1160, and even ca. 1132 Ma in the Conklingville Dam leucosome (locality 4), suggest that anatexis continued into, and perhaps beyond, the time of AMCG magmatism. This is to be expected because of the large volume and high temperatures (~1000 °C) of AMCG McLelland et al., 1996) . Under such circumstances 15%-30% partial melting can be attained at pluton margins even when the country rocks are dry. This volume of melting may explain the exceptionally large thickness (tens of meters) of the metapelitic leucosome (1172 ± 17) at locality 8, which is located at the southwestern margin of the Oregon Dome anorthosite (ca. 1159 ± 12 Ma; McLelland et al., 2004) . Although the mean age of the anorthosite appears to be signifi cantly younger than the leucosome, they are within error of one another. We note also that the nearby Snowy Mountain mangerite has been dated at 1174 ± 25 Ma , which is consistent with contributions of heat to the anatectic process from early phases of AMCG magmatism. The age of primary anatexis is further constrained by the results of in situ electron microprobe (EMP) monazite analysis. These data reveal complex grains with multiple domains that range in age from ca. 980 Ma to ca. 1190 Ma (Fig. 9A-I ). Although the spectrum of age domains present in the monazite grains is more complex than that of zircons analyzed from similar migmatitic metapelites, Figure 9 suggests that most of the cores analyzed yield ages within the ca. 1180-1190 Ma window, and correspond to the zircon ages interpreted to date primary anatexis. Thus, initial crystallization of the monazite grains occurred during high-grade metamorphism associated with the Shawinigan orogeny. However, the monazites clearly record thermal or hydrothermal events corresponding to subsequent periods of metamorphism, magmatism, and deformation in the Adirondack highlands, specifi cally AMCG magmatism (ca. 1155 Ma), Ottawan orogeny and high-grade metamorphism (ca. 1060-1020 Ma), and possibly Rigolet orogenesis (ca. 980 Ma).
Mechanisms for Anatexis
The results of this study indicate that major anatexis within Adirondack metapelites occurred during high-grade regional metamorphism associated with the Shawinigan orogeny and subsequent AMCG magmatism. The whole-rock 
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X-ray fl uorescence analyses of McLelland and Husain (1986) and the petrographic analysis by Storm and Spear (2002) demonstrated that leucosomes have nearly identical compositions across the Adirondacks, which implies that they were formed from similar protoliths and under similar pressure-temperature (P H 2 O -T) conditions during the ca. 1190-1150 Ma Shawinigan orogeny and AMCG magmatism that juxtaposed and stitched the highlands and lowlands. These investigations (McLelland and Husain, 1986; Storm and Spear, 2002) concluded that anatexis was the result of prograde, vapor-absent dehydration reactions involving muscovite and biotite. The lack of cordierite and orthopyroxene in metapelitic rocks constrains the P-T conditions, but only to relatively broad limits in P-T space (Storm and Spear, 2002) . Garnet thermobarometry better constrains the P-T to peak temperatures of 710-740 °C and pressures of ~6-7 kbar, consistent with the constraints established by the mineral assemblages (Storm and Spear, 2002) .
Because relatively large zircon cores (i.e., ~100 μm; Fig. 6 , part I, C-D, and part II, A-B and G-H) in both leucosomes and melanosomes are overgrown by relatively thick zircon rims (i.e., ~50 μm; Fig. 6 , part I, C-D, and part II, A-B and G-H), further insights into the conditions of anatexis can be obtained from the modeling of zircon dissolution and regrowth in anatectic melts by Watson (1996) . Watson modeled zircon survivability in terms of initial zircon size (r o ), initial undersaturation of the melt reservoir in Zr (U 0 ), and melt reservoir volume (r res ) for three types of thermal history. Type I involved slow rise of temperature to 150-200 °C above the solidus in ~10 5 yr, followed by a precipitous drop in temperature. Such a history might follow from intrusion of large volumes of mafi c magma into the lower crust. Type II thermal histories involved an intense event similar to type I, but with a rapid rise of temperature followed by relatively slow cooling, such as might result from injection of mafi c dikes. Type III events involve protracted heating in which temperature rises from ~650 °C to ~700 °C and then falls back, all over a period of ~1.0 m.y. Such an event might be typical of the formation of migmatites.
Although in the case of the Adirondack migmatites, we cannot know precisely the initial size of inherited zircons, the initial Zr undersaturation, or the anatectic melt volume, Watson's modeling suggests that only the very largest zircons survive type I thermal events, so that a type II or type III event is the most likely. Given the constraints indicated by the mineral assemblages and the garnet thermobarometry of Storm and Spear (2002) , we think that a type III event is the most likely.
According to Wasteneys et al. (1999) , and supported by the data of this study, the heat source for anatexis was provided by events associated with the 1207-1160 Ma Shawinigan orogeny. Crustal thickening (Fig. 3) and mantle heat fl ow provided thermal mechanisms that raised the geothermal gradient, allowing for temperatures of ~700 °C or greater to be achieved at pressures of ~6 kbar (Storm and Spear, 2002; McLelland and Husain, 1986) . Widespread syntectonic calc-alkaline granitictonalitic magmatism occurred at ca. 1172 Ma, as represented by the Hyde School gneiss in the lowlands and the Rockport granite in Canada ( Fig. 3 ; Wasteneys et al., 1999) . Presumably, this magmatism helped to transport deep crustal heat closer to the surface, allowing anatexis to occur under vapor-absent conditions. Subsequent to the Shawinigan metamorphic peak, delamination quickly accelerated and resulted in deep crustal melting and anorthosite formation at 1155 ± 10 Ma ( Fig. 3 ; Wasteneys et al., 1999; McLelland et al., 2004) . However, some of the AMCG granitoids were formed as early as 1170 Ma (McLelland et al., 1996 Wasteneys et al., 1999) . Thus, the earliest manifestations of AMCG magmatism, postulated by McLelland et al. (2004) to involve deep crustal melting, may have been coeval with anatexis in metapelites at shallower crustal levels.
CONCLUSIONS
The results of the research presented here may be summarized as follows:
1. Regional anatexis and deformation of southern Adirondack highlands and lowlands metapelites initially occurred during the latter part of the Shawinigan orogeny (ca. 1180-1170 Ma) and produced a series of migmatites throughout the two terrains. Anatexis continued locally as large volumes of hot AMCG magmas triggered by delamination of the Shawinigan orogen invaded the entire Adirondack region at 1150-1160 Ma.
2. Anatexis resulted from dehydration melting reactions that consumed prograde micas while producing garnet + K-feldspar + melt, leaving most rocks relatively dehydrated and incapable of further anatexis during the later (ca. 1060-1020 Ma) Ottawan granulite facies metamorphic event.
3. Electron microprobe (EMP) U-Th-Pb dating of monazites corroborates U-Pb zircon geochronology and demonstrates that although conditions during Ottawan high-grade metamorphism did not cause renewed anatexis and zircon growth, they did initiate crystallization or recrystallization of new monazite.
4. These results emphasize the intensity and extent of the Shawinigan orogeny and clarify its relationship to the juxtaposition of the Central granulite belt and Laurentia during the interval ca. 1210-1160 Ma. Geochronology, geography, orogenic models, and petrologic arguments converge on the conclusion that the ca. 1150 Ma AMCG complexes of the eastern Grenville Province were triggered by delamination of the overthickened Shawinigan orogen attended by infl uxes of hot new asthenosphere, ponding of gabbro at the crust-mantle interface, fractionation of anorthositic gabbros, and deep crustal melting. Taken together, these events represent the end of the Elzevirian arc accretion and the emergence of a Laurentian confi guration that would next be modifi ed by the Himalayan-style collision of the Ottawan orogeny. Figure 10 . Cumulative probability plot of monazite electron microprobe data. Uncertainties were estimated from age range at mid-point of peaks.
